In Brief
Mechanosensation is a fundamental function required for the survival of vertebrates. Mechanosensation is mediated by mechanotransduction channels. Hong et al. found that Tentonin 3 (TMEM150C) is a new class of mechanotransduction channel. Surprisingly, TTN3 is expressed in muscle spindle afferents. Because genetic ablation of TTN3 reduces motor coordination, TTN3 appears to contribute to proprioception. Thus, cloning of TTN3 leads to understanding of various other mechanotransduction mechanisms
INTRODUCTION
Mechanosensation, the sensation of external and internal mechanical stimuli, is essential for the survival of animals. In mammals, it is required for tactile sensation, proprioception, and nociception (Delmas and Coste, 2013) . Proprioception is a sense of limb position and movement. Proprioceptive sensory signals are essential for coordinated movements, including locomotion (Akay et al., 2014; de Nooij et al., 2015; Proske and Gandevia, 2012) . Proprioception involves sensory inputs from muscles, skin, joints, and tendons. Among these sensory inputs, muscle spindle (MS) afferents play a key role in proprioception (Proske and Gandevia, 2012; Rossi-Durand, 2006) . MS is composed of encapsulated intrafusal muscle fibers that are innervated with group Ia and II sensory afferents (Barker, 1974; Proske and Gandevia, 2012; Rossi-Durand, 2006) . MS afferents project to the ventral horn of the spinal cord, where they connect monosynaptically to motor neurons or interneurons to transmit signals to brain (Hunt, 1974; Proske and Gandevia, 2012) . They are sensitive to passive muscle stretch or during contraction (Banks, 1994; Bewick and Banks, 2015; Hunt, 1974) . Thus, the neural responses of MS afferents to muscle stretch are key signals to coordinate body movements (Proske and Gandevia, 2012) . Deafferentation or genetic disruption of MS induces neurological deficits such as gait ataxia with loss of central pattern generation of locomotion (Akay et al., 2014; Cheret et al., 2013; de Nooij et al., 2015; Tourtellotte and Milbrandt, 1998) . In addition, changes in proprioception, such as fatigue after exhaustive exercise, aging, and Parkinson's disease, often lead to injury due to loss of motor coordination (Proske and Gandevia, 2012) .
The molecular identity of mechanotransduction channels has long been sought. Large conductance mechanosensitive channels generate mechanosensitive currents in Escherichia coli, functioning as an osmotic valve in the bacteria (Levina et al., 1999; Sukharev et al., 1994) . The DEG/epithelium sodium channel (ENaC) and NOMPC families are components of the mechanotransduction channel in the mechanosensory neurons of Caenorhabditis elegans and Drosophila melanogaster (Huang and Chalfie, 1994; O'Hagan et al., 2005; Walker et al., 2000) . However, these channels are not found in mammals (Chalfie, 2009 ). In addition, mechanical gating of these channels in heterologously expressed cells was not achieved. Piezo1 and 2, which are found in mammals and other species of the animal kingdom, are activated by mechanical force (Coste et al., 2010) . Piezo2 is present in Merkel cells and cutaneous nerves in the skin, suggesting a role for tactile sensation. Indeed, genetic disruption of Piezo2 in dorsal-root ganglion (DRG) neurons and Merkel cells markedly reduced rapidly adapting mechanically activated (MA) currents, low-threshold mechanoreceptor responses in the skin, and touch sensation in vivo (Ikeda et al., 2014; Ranade et al., 2014b; Woo et al., 2014) . In addition, Piezo1 appears to be essential for the development and maintenance of vascular architecture (Li et al., 2014; Ranade et al., 2014a) . Thus, Piezo channels are involved in tactile sensation and stress-mediated cellular responses. Recently, Piezo2 has been shown to play a key role in proprioception. Woo et al. (2015) found that Piezo2 is present in MSs, and its genetic deletion from muscle afferents leads to marked reduction in stretch-induced nerve activity of MS afferents as well as prominent loss of muscle coordination (Woo et al., 2015) .
Sensory neurons in DRGs are known to respond to mechanical stimuli with rapidly, slowly, or intermediately inactivating cationic currents (Drew et al., 2002 (Drew et al., , 2004 Hao and Delmas, 2010; Hu and Lewin, 2006) . MS afferents are slowly adapting (SA) as they continue to respond to sustained muscle stretch Hunt, 1974; Hunt and Ottoson, 1975) . As Piezo2 in DRG neurons confers rapidly adapting (RA) (inactivating) MA currents, kinetically different MA currents neurons are likely to represent mechanotransduction channels in DRG. Therefore, in the present study we aimed to identify genes conferring kinetically different MA currents from Piezo2 in DRG neurons and test for anatomical and physiological roles in MS afferent activity.
RESULTS

Cloning of Tentonin 3
To find MA channels with slow inactivation kinetics, we performed a bioinformatic investigation (Coste et al., 2010; Yang et al., 2008) . We first screened DNA chips (Agilent) after hybridization with RNAs isolated from human DRG cells and six human cell lines; HEK293T, Henrietta Lacks (HeLa), retinal pigment epithelium, human keratinocyte, hepatocellular carcinoma, and human cervical carcinoma cells. We expected that SA MA channels would be found mainly in the DRG neurons. Therefore, we searched for genes in the six human cell lines whose hybridization intensities were less than that of DRG cells. In addition, we filtered out genes of known function or genes encoding five or fewer transmembrane domains. We then transfected Cy3-tagged small interfering RNAs (siRNAs) of the selected candidate genes into isolated DRG neurons from adult mice and tested if they showed a reduction in the SA currents in response to mechanical steps. We found that knockdown of one gene, Tmem150c, showed a marked reduction in the amplitude of the SA currents as well as in population of SA-type neurons (see below). We renamed this gene ''Tentonin 3'' (TTN3) from the Greek ''tentono'' (tεntunu), meaning ''to stretch.'' Activation by Mechanical Stimulation TTN3 is a relatively small protein with 249 amino acids, predicted to have six transmembrane domains ( Figure 1A) . A search for orthologs in the animal kingdom revealed that only vertebrates (phylum Chordata) have this gene family. The Ttn genes were not found in the lower phyla of the animal kingdom or in plants ( Figure 1B ). TTN3 appeared to be less related to the other two paralogs, sharing 26.5% and 28.1% sequence identity with TTN1 and TTN2, respectively. In contrast, mouse TTN3 had 96% and 99% amino acid sequence similarity with its human and rat orthologs, respectively.
The majority of TTN3 was observed to be targeted to the plasma membrane when overexpressed heterologously in HEK293T cells ( Figure S1 ). To test its mechanosensitivity, whole-cell currents were recorded from various cell lines transfected with pIRES2-AcGFP1-TTN3. The plasma membrane surface of TTN3-expressing cells was distended with a piezoelectrically driven glass probe. When mechanical steps were applied to the cell, robust currents were activated in HEK293T cells (Figures 1C and 1E ; Movie S1). After the rapid activation, these currents showed rapid inactivation, followed by slowly inactivating MA currents, which persisted as long as the mechanical stimuli were sustained. When the mechanical steps were withdrawn, the currents were deactivated, with residual currents persisting for more than several seconds ( Figure 1C ). The mean current was 975.7 ± 113.8 pA in Ttn3-transfected HEK293T cells ( Figure 1E ). The mechanical steps evoked MA currents greater than 200 pA in 34 of 66 Ttn3-transfected HEK293T cells (52%). Only 7 of 45 (16%) Gfp-transfected control cells responded to the mechanical steps with small current amplitudes (82.7 ± 12.6 pA, n = 7) and fast inactivation kinetics, consistent with previous research (Coste et al., 2010) .
Two homologs, TTN1 (TMEM150A) and TTN2 (TMEM150B), also showed MA currents when expressed in HEK293T cells, but to a much smaller magnitude ( Figure 1E ). The inactivation time constant (t i ) was 286.1 ± 41.1 ms (n = 7). The steady-state currents at 600 ms mechanical stimulus were about 52.5% of the peak currents in TTN3/HEK293T cells. Because of the slow inactivation time constants (>30 ms), these TTN3-dependent MA currents were classified as the SA mechanotransduction group observed in DRG neurons (Hao and Delmas, 2010) .
F11 is a cell line hybridizing between a mouse neuroblastoma, N18TG-2, and rat DRG neurons (Ghil et al., 2000) . F11 cells have a round and large cell soma, like DRG neurons, so that it is easy to apply mechanical step stimuli. Mechanical activation on F11 cells transfected with Ttn3 also induced MA currents (1,958 ± 194 pA, n = 33) with slow inactivation kinetics ( Figures  1D and 1E ). Mechanical activation on control F11 cells induced small MA currents (187.9 ± 22.2 pA, n = 19). The mechanical steps evoked MA currents (>200 pA) in 33 of 41 (80%) Ttn3-transfected F11 cells. When mechanical steps with variable distances were applied to the surface of the Ttn3-transfected F11 cells, graded MA currents were observed ( Figures 1D  and 1F ). The half-maximal distance for activating TTN3 was 4.8 ± 0.2 mm (n = 6), which was similar to that for human Piezo1 (4.7 ± 0.3 mm, n = 6) expressed in F11 cells ( Figure 1F ). However, the threshold distance (3.2 ± 0.1 mm, n = 6) for activating TTN3 was significantly larger than that for Piezo1 (2.3 ± 0.2 mm, n = 6, p < 0.01, Student's t test).
The mechanical steps also induced large MA currents with slow inactivation kinetics in HeLa cells transfected with Ttn3 (Figure S2 ). Taken together, TTN3 is activated by mechanical steps when expressed heterologously in various cell types.
TTN3 Is Required for SA MA Currents in DRG Neurons
Mechanical activation of dissociated DRG neurons induced three distinct types of MA currents, RA, intermediately adapting (IA), and SA, with t i < 10 ms, 10 < t i < 30 ms, and t i > 30 ms, respectively (Coste et al., 2010; Drew et al., 2004; Hao and Delmas, 2010; Hu and Lewin, 2006) (Figures 2B and 2C) . The proportions of RA-, IA-, and SA-type control (transfected with scrambled siRNA) DRG neurons (236 cells) were 41%, 25%, and 22%, respectively. In contrast, when Cy3-tagged Ttn3 siRNA was transfected to DRG neurons, the proportion of cells with SA MA currents was reduced to 10% ( Figure 2C ). In order to see a clear phenotype, Ttn3 knockout (KO) mice were generated ( Figure 2A ). The proportion of SA-type neurons was dramatically reduced to 4% in Ttn3 KO DRG neurons ( Figures 2B and 2C) . Notably, we could not observe SA currents that had inactivation time constants (t i ) longer than 80 ms in Ttn3 KO DRG neurons ( Figures 2B and 2D) . Thus, these results indicate that TTN3 is essential for SA currents in DRG neurons.
Biophysical Property
The steady-state currents of TTN3 induced by mechanical steps of different durations persisted as long as the mechanical stimuli were maintained, up to 1,000 ms ( Figure 3A) . To test the slow-inactivating kinetics further, a two-step mechanical stimulus protocol was used, consisting of 100 ms conditioning steps with indentations of 2.9-4.6 mm with 0.42 mm increments, followed by a 4.6 mm test step ( Figure 3B ). Even though the magnitudes of conditioning steps varied, the peak or steady-state MA currents at the test steps did not change ( Figures 3B-3D ). Thus, a large portion of the MA current still persisted at the test step. These results indicate that some TTN3 are still active even after prolonged mechanical stimuli, which is a property of SA currents found in DRG neurons (Hao and Delmas, 2010) .
The current-voltage relationship of the steady-state current was obtained to measure the reversal potential ( Figure 3E ). The TTN3 MA current was cationic with a reversal potential of 6.7 ± 0.7 mV (n = 9) in 150 mM CsCl and 150 mM NaCl for pipette and bath solutions, respectively. Judging by the reversal potentials when the bath solution was changed to 150 mM NaCl, 150 mM KCl, 100 mM CaCl 2 , or 100 mM MgCl 2 , the permeability ratios (P x /P cs ) between Na + , K + , Mg
2+
, and Ca 2+ and Cs + were 1.31 ± 0.04 (n = 9), 1.24 ± 0.05 (n = 6), 1.41 ± 0.15 (n = 6), and 2.01 ± 0.11 (n = 8), respectively ( Figure 3F ). Thus, TTN3 is a nonselective cationic channel with high permeability to Ca
Pharmacology of MA Currents MA currents in DRG neurons are inhibited by gadolinium (Gd  3+ ) and other blockers (Drew et al., 2002 (Drew et al., , 2004 Drew and Wood, 2007; McCarter et al., 1999) . To determine the pharmacological profile of TTN3, F11 cells transfected with Ttn3 were stimulated by three consecutive mechanical stimuli of identical amplitude (4.2 or 4.6 mm). The TTN3 MA currents were reversibly inhibited by known mechanosensitive channel blockers. The application of 30 mM Gd 3+ , which is a well-known MA channel blocker (Coste et al., 2010; McCarter et al., 1999) , significantly inhibited the MA currents in TTN3-expressing cells ( Figure 4A ). The half-maximal concentration for inhibition (IC 50 ) of Gd 3+ was 3.9 mM (n = 7-8) ( Figure 4B ). In addition, the TTN3 currents were markedly reduced by 30 mM ruthenium red or FM1-43, a fluorescent dye known to block MA currents in DRG neurons (Drew and Wood, 2007) ( Figures 4A and 4C ). More important, 2.5 mM GsMTx4, a purified tarantula toxin that inhibits MA currents in various cell types, also strongly inhibited the TTN3-mediated MA currents (Bae et al., 2011; Gottlieb et al., 2007) ( Figures 4A and 4C ). The TTN3-mediated MA currents were not blocked by 50 mM chloropromazine, a cup former membrane-modifying agent that is known to inhibit the MA TREK1 channel (Maingret et al., 2000) , or by 10 mM HC030031, a TRPA1 blocker known to inhibit mechanosensitive currents (Kerstein et al., 2009) . Modification of the property in TTN3-mediated MA currents by these chemicals or peptides also implies that TTN3 could be a major component of mechanosensitive ion channel.
Expression of TTN3 in DRG Neurons
A qPCR assay of three Ttn genes from 21 mouse tissues depicted a different expression pattern for each gene ( Figure S3 ). TTN3 showed high expression in the epididymis, pancreas, DRG, eye, brain, and spinal cord. To observe the expression patterns of TTN3 in DRG, we generated anti-TTN3 antibody against a segment in the C terminus. This antibody appears to be specific, as it detected endogenous and overexpressed TTN3 but not in Ttn3 siRNA transfected F11 cells ( Figure 5A ). Furthermore, when TTN3-IRES2-AcGFP was transfected in HEK293T cells, the immunofluorescence of TTN3 was detected in GFP-expressing cells ( Figure 5B ).
The immunofluorescence analysis of TTN3 in DRG neurons revealed unique expression pattern in DRG neuronal populations. About 61% (646 of 1,056 cells) of TTN3-positive cells were colocalized with neurofilament M, a marker for myelinated neurons ( Figures 5C and 5E ). In addition, 57% (499 of 878 cells) of TTN3-positive neurons were positive to parvalbumin, a marker for proprioceptive sensory neurons. TTN3-positive neurons were positive for nociceptor markers, TRPV1 (23%), or isolectin B4 (15%) ( Figures 5C and 5E ). We could not observe clear immunoreactivity in DRG neurons from Ttn3 KO mice ( Figure 5D ).
Expression of TTN3 in MSs
Rich immunoreactivity of TTN3 was observed in MSs in extensor digitorum longus (EDL) muscles of mouse hindlimb ( Figure 6A ). The TTN3 immunoreactivity was prominent in the center region of MSs, where intrafusal muscle nuclei clustered (Barker, 1974; Bewick and Banks, 2015; Oliveira Fernandes and Tourtellotte, 2015; Tourtellotte and Milbrandt, 1998) . In addition, TTN3 immunofluorescence was colocalized with neurofilament M in annulospiral structures wrapping round intrafusal muscles, typical primary afferents in MSs ( Figures 6B and 6C) (Banks, 2015; de Nooij et al., 2015; Oliveira Fernandes and Tourtellotte, 2015) . However, the TTN3 immunofluorescence was not observed in MSs of Ttn3-KO mice ( Figure 6C) . The presence of TTN3 in MS prompted us to investigate the functional role of TTN3 in MS afferents by measuring MS afferent activities of wild-type (WT) and KO mice. Extracellular neural recording was made at the peroneal nerve attached to the isolated EDL muscle Franco et al., 2014) . Stretching the EDL muscles ($10 mm) isolated from WT mice by 2 mm for 5 s evoked a barrage of nerve discharges. However, the activity of the muscle stretch-evoked discharge in MS afferents from KO mice was dramatically reduced (Figures 6D and 6E ). The reduction in spindle afferent activity was observed throughout the range of muscle stretch (1-3 mm) (p < 0.0001, two-way ANOVA, F [1, 132] = 56.5). Ttn3 KO mice showed a significant reduction in the sensitivity (slope) to muscle stretch compared with WT mice (5.81 ± 0.72 versus 2.77 ± 0.36 spikes/mm, p < 0.001, n = 23-24, Student's t test) ( Figure 6E ). These results indicate that TTN3 contributes to stretch-evoked MS afferent activity.
Loss of Motor Coordination in Ttn3 KO Mice
Because MS sensory input is essential for muscle coordination, behavior tests for determining muscle coordination were conducted. Ttn3 KO mice spent less time clinging to an inverted grid compared with WT mice, a test for motor coordination and muscle strength because grip of the grid with all four limbs is required for prolonged hanging (Cheret et al., 2013) . Although WT mice continued to hang for longer than 10 min, the majority of KO mice fell within 2 min ( Figure 7A ). In a raised beam test (Bourane et al., 2015; Muller et al., 2008) , KO mice made about three times more limb-slips and showed significantly slower time to cross the beam (4.6 s versus 6.5 s, p < 0.01, n = 10-11, Student's t test) than WT mice ( Figure 7B) . Furthermore, gait analysis with the CatWalk system revealed an abnormal gait in KO mice. The gait of KO mice showed significantly slower movement with reduced swing speed and stride length compared with WT mice (Figures 7C-7E ). In addition, KO mice elicited reduced regularity index and phase dispersion in the fronto-hindlimb coordination ( Figures 7F and 7G) (Dale et al., 2012; Encarnacion et al., 2011) . In contrast, genetic ablation of Ttn3 appeared not to affect general motor activity as well as tactile and pain sensation ( Figure S4 ). These results support the idea that TTN3 regulates motor coordination through MS afferents in mouse.
DISCUSSION
Three types of MA currents, distinguished by their inactivation kinetics, are present in DRG neurons (Drew et al., 2002 (Drew et al., , 2004 Hao and Delmas, 2010; Hu and Lewin, 2006) . The kinetically defined MA DRG neurons fire differently in response to sustained tactile stimuli. The RA neurons tend to fire brief phasic discharges, whereas the SA neurons elicit sustained discharges (Hao and Delmas, 2010) . Piezo channels confer RA MA currents in many organs as well as DRG neurons. However, channel genes responsible for other kinetically defined currents in DRG neurons have not been identified. The present study provides evidence that TTN3 mediates SA currents in DRG neurons and presents typical biophysical and pharmacological profiles pertaining to SA mechanosensitive currents. Although there is a dramatic reduction in the number of SA-type neurons from Ttn3
mice, SA responses still remained in these mice. Thus, it is highly likely that there may be channels other than TTN3 that confer SA type currents. Motor coordination is essential for survival, predation, and escape. Without proper motor coordination, elaborate movements cannot be carried out, because they require exact contraction timing of multiple flexor and extensor muscles. Motor coordination depends on proprioceptive sensory signals primarily from MS afferents in muscles (Proske and Gandevia, 2012; Proske et al., 2000; Rossi-Durand, 2006) . Studies on genetic disruption of MS afferents supports the requirement of MS afferents for motor coordination (Cheret et al., 2013; Oliveira Fernandes and Tourtellotte, 2015; Tourtellotte and Milbrandt, 1998) . During active muscle contraction or passive movements, MSs sense muscle stretch and report changes in length to the CNS (Banks, 1994; Ellaway et al., 2015) . In the present study, TTN3 was expressed in MSs, and the genetic ablation of TTN3 led to a reduction in motor coordination. Thus, TTN3 appears to play a role in proprioception.
Skeletal muscle contains multiple MSs. The number of MSs varies in different muscles. In general, the density is high in muscles conducting fine movements, such as interrossei muscles in the hand, whereas its density is low in girdle muscles (Barker, 1974) . MSs are found only in vertebrates in the animal kingdom (Barker, 1974) . The structure of MS varies among vertebrates such that primitive forms of MSs were found in Amphibia (Barker, 1974) . The presence of MSs in fish was controversial. Barker (1974) claimed that the fish does not have MSs (Barker, 1974) . However, Maeda et al. (1983) found MSs in a jaw closing muscle in a Japanese salmon. Consistent with this, Ttn genes were found in all vertebrates, including chicken, turtle, frog, and zebrafish ( Figure 1B) .
A study of the ionic basis for receptor potential of MS afferents revealed that Na + and Ca 2+ are responsible for the stretchevoked receptor potential (Hunt et al., 1978) . Thus, cationic channels were considered to be candidate channels for mechanotransduction in MSs. Among them, ENaC was considered to be a candidate . ENaC is a mammalian homolog of DEG channel found in C. elegans. ENaC is highly selective to Na + and blocked by amiloride (Garty and Palmer, 1997) .
ENaC immunoreactivity is found in MS afferents (Simon et al., 2010) . Moreover, the activity of MS afferent is largely inhibited by amiloride application (Simon et al., 2010) . These results suggest that ENaC appears to be a mechanotransduction channel in MS afferents. However, the mechanosensitivity of ENaC channel in mammals was controversial, because it is not activated by mechanical stimuli when expressed heterologously in mammalian cells (Awayda and Subramanyam, 1998; Drew et al., 2004) . In addition, the loss-of-function phenotype for motor coordination has not been reported with ENaC-deficient mice. Recently, Piezo2 has been implicated in proprioception (Woo et al., 2015) . Woo et al. (2015) found that Piezo2 is present in MSs, and its genetic deletion from muscle afferents leads to marked reduction in stretch-induced nerve activity of MS afferents as well as prominent loss of muscle coordination. Thus, Piezo2 is a major stretch-activated channel responsible for the ionic basis of MS afferents. Although the prominent phenotype of Piezo2-deficient mice undoubtedly stresses its roles in proprioception, this does not preclude the possible presence of other MA channels for proprioception. The inactivation kinetic of Piezo2 does not fit in the kinetics of MS afferent responses. Piezo2 inactivates rapidly after a brief activation, whereas most MS afferents respond as long as muscle stretch lasts. In addition, there would be a redundancy of genes in proprioception, which is also the case in other key physiological functions, such as heat sensation in the skin (Bandell and Patapoutian, 2012; Dhaka et al., 2006) . The function of the TMEM150/Tentonin genes is largely unknown except for a genetic link between TMEM150B/BRSK1 and menopause in women (He et al., 2009 ). Because of the low sequence similarity of TTN1 or TTN2 to TTN3, the function of TTN3 is unknown. Among these Ttn genes, only Ttn3 responded well to mechanical stimuli. Although TTN3 can generate MA currents when expressed heterologously, the propensity of channel currents after transfection differs in cell types. Thus, whether it is activated by a direct stretch of the plasma membrane or with the help of tethering proteins remains to be clarified.
Because MS afferent function is essential for motor coordination, the identification of the mechanotransduction channel in MS afferents provides a route to dissecting the molecular mechanisms underlying motor coordination, which may be significant for understanding motor dysfunction in various human diseases. Identification of novel mechanosensitive ion channel will provide deeper understanding of uncovered various mechanosensations in mammals. Because TTN3 is expressed in nociceptors, we cannot rule out a possible role in nociception.
EXPERIMENTAL PROCEDURES Molecular Cloning of the TTN Family
Primers were designed using the mouse cDNA sequences of Ttn1-3 (Tmem150a-c) from the NCBI database (Genbank: NM_144916.3, NM_ 177887, and NM_182841). Nucleotide fragments of 816, 717, and 750 for Tmem150a-c were amplified from cDNA libraries from the kidney, small intestine, and epididymis of adult C57BL/6J mice, respectively. Primers used for cloning are as follows: Ttn1 (Tmem150a) Ttn1-3 (tmem150a-c) fragments were cloned into pEGFP-N1 to have fusion proteins tagged with EGFP. The vector was mutated to include stop codons between the genes and the GFP sequence (pEGFP-N1 [STOP] ) to express the genes only. The genes were also sub-cloned into pIRES2-AcGFP1 to avoid the GFP fusion effects.
The protein sequence of mouse TTN1 (TMEM150a) is MTAWILLPVSLSAF SITGIWTVYAMAVMNRHVCPVENWSYNESCSPDPAEQGGPKSCCTLDDVPLI Cell Culture and Transfection HEK293T and F11 cells were grown in DMEM (Life Technologies) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 U/ml penicillin/streptomycin. Cells were plated on glass coverslips in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/mL penicillin/streptomycin in 35 mm dishes. The F11 cells were plated on laminin-coated (2 mg/mL) glass coverslips in DMEM supplemented with 1% FBS, 2 mM L-glutamine, and 100 U/mL penicillin/streptomycin in 35 mm dishes. Half of the medium was replaced every 2 days.
pIRES2-AcGFP1-TTN1, pIRES2-AcGFP1-TTN2, pIRES2-AcGFP1-TTN3, pEGFP-N1(STOP)-TTN1, pEGFP-N1(STOP)-TTN2, or pEGFP-N1(STOP)-TTN3 vector was transfected for 48 hr with Lipofectamine 2000 (Life Technologies) or FuGene (Promega). The pEGFP-N1 vector was used for transfection controls. The Ttn3 and scrambled siRNA sets were designed, synthesized, and 
Isolation of DRG Neurons
Primary cultures of DRG neurons were prepared as previously described (Cho et al., 2012) . Briefly, thoracic and lumbar DRGs were dissected from 7-to 8-week-old mice and collected in ice-cold medium (DMEM/F12; Life Technologies). Isolated DRGs were then incubated in medium containing 2 mg/mL collagenase IA (Sigma) for 45 min at 37 C. Cells were washed three times with Ca
2+
-and Mg
-free Hank's balanced salt solution (Life Technologies). The cells were washed gently two or three times with the culture medium, suspended, and gently triturated with a 1 mL pipette before plating onto round glass coverslips (Fisher). Cells were incubated in culture medium containing DMEM/F12, 10% FBS, 50 ng/mL nerve growth factor (Life Technologies), 5 ng/mL glial cell line-derived neurotrophic factor (Life Technologies), and Mice walked on a glass floor on which their pawprints were recorded. KO mice showed slower walking (C), reduced swing speed (D), and shorter stride length (E) than WT mice. KO mice also showed lower regularity index (F) in their walking patterns and different phase dispersion in fronto-hindlimb coordination (G) compared with WT mice. Diag, diagonal; Ipsi, ipsilateral; Inter, inter-limb; LF, left front paw; LH, left hind paw; RF, right front paw; RH, right hind paw (n = 8-10). *p < 0.05, **p < 0.01, ***p < 0.001, Student's t test.
100 U/mL penicillin/streptomycin in 95% air/5% CO 2 atmosphere for 48-72 hr before use.
Channel Current Recording
Whole-cell currents were recorded using a voltageclamp technique. Whole cells were formed by breaking the plasma membrane under a glass pipette after gigaseals were made. The resistance of the glass electrodes was 2-3 MU. The junctional potentials were adjusted to zero. The holding potential was set at À60 mV. Currents were amplified with Axopatch200B (Molecular Devices), filtered by 0.5 kHz, digitized at a sampling rate of 5 kHz with Digidata 1440 (Molecular Devices), and stored in a computer. The stored currents were later analyzed using pClamp software version 10.0 (Molecular Devices). For DRG neuron recordings, the pipette solution contained 130 mM KCl, 2 mM MgCl 2 , 5 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, 0.2 mM Na-GTP, and 20 mM D-mannitol. The pH of the solution was adjusted to 7.2 with KOH. The bath solution contained 130 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2, 10 mM HEPES, and 10 mM D-mannitol at pH 7.2, adjusted with NaOH. For recording currents in cell lines, the pipette solution contained 130 mM CsCl, 2 mM MgCl 2 , 10 mM HEPES, 2 mM Mg-ATP, 0.2 mM Na-GTP, and 25 mM D-mannitol. The pH was adjusted to 7.2 with CsOH. For the cation selectivity experiment, the pipette solution contained 150 mM CsCl and 10 mM HEPES at pH 7.2, adjusted with CsOH. The bath solution contained 150 mM NaCl, 150 mM KCl, 150 mM NMDG-Cl, 100 mM CaCl 2 , or 100 mM MgCl 2 and 10 mM HEPES. The pH was adjusted to 7.2 with NaOH, KOH, or CsOH for divalent cation solutions. For the anion/cation permeability experiments, the pipette solution contained 70 mM NaCl, whereas the bath solution contained 210 mM NaCl. The osmolarity of all of the solutions was adjusted to 290 mOsm by adding D-mannitol. The P Cl /P Na of each mutant was obtained by measuring the reversal potential of the steady-state current of each mutant using the Goldman-Hodgkin-Katz equation (Arreola and Melvin, 2003) .
To determine the current-voltage relationships, voltage ramps from À80 to +80 mV were applied for 150 ms to whole cells during 600 ms mechanical stimulation. For blocker experiments, 50 mM chloropromazine (Sigma), 10 mM HC-030031 (Sigma), 30 mM ruthenium red (Sigma), 30 mM FM1-43 (Biotium), 2.5 mM GsMTx-4 (Tocris), or 30 mM GdCl 3 (Sigma) was added to the bath solution. To get a dose-response curve for the Gd 3+ inhibition, the normalized current (I/I MAX ) was fitted to the Hill equation, I/I MAX (
, where K D represents the half-maximal effect of Gd 3+ and n is the Hill coefficient.
Mechanical Stimulation
A fire-polished glass electrode (tip diameter $ 3-4 mm) was positioned at an angle of $50 to the cell surface. The probe was moved by a micromanipulator (Nano-controller NC4; Kleindiek Nanotechnik). The movement of the probe was controlled either by a joystick or by a computer. The initial position of the probe on the cell surface was determined by looking at the indentation of the cell surface through a microscope. Then, 1.0 mm retraction was made, which was considered to be the initial point of all mechanical stimuli. From the initial position, the mechanical steps were made by moving the glass probe forward from 2.5-7.2 mm in 0.42 mm increments. The typical duration of the mechanical stimulation was 100 or 600 ms.
Recording of MS Afferent Activity
The muscle-nerve ex vivo preparation and recording muscle fiber activity were described by others (Franco et al., 2014; Wilkinson et al., 2012) . Briefly, mice were deeply anesthetized with isoflurane, decapitated immediately, and skinned. EDL muscle and the peroneal nerve attached to it were isolated in the chilled (4 C) solution containing 128 mM NaCl, 1.9 mM KCl, 1.2 mM KH 2 PO 4 , 26 mM NaHCO 3 , 0.85 mM CaCl 2 , 6.5 mM MgSO 4 , and 10 mM glucose (pH 7.4). The isolated EDL muscle-nerve preparation was mounted into a tissue bath filled with the oxygenated solution containing 123 mM NaCl, 3.5 mM KCl, 0.7 mM MgSO 4 , 1.7 mM NaH 2 PO 4 , 2.0 mM CaCl 2 , 9.5 mM NaC 6 H 11 O, 5.5 mM glucose, 7.5 mM sucrose, and 10 HEPES (pH 7.4). Thin silk sutures were used to tie both ends of the EDL muscle to a micrometer and a force transducer for adjusting muscle stretch and measuring force. The output signal of the force transducer was amplified to report the magnitude of muscle stretch, which was well correlated with force applied to the muscles. A suction electrode was made with a glass pipette whose tip diameter was 70 mm. The suction electrode was filled with the bath solution. The free end of the peroneal nerve was suctioned into the electrode. To identify MS afferents, suctions were repeated until neuronal activities were observed during muscle stretches. Stretches for 5 s in length of 2 mm were repeated three times and two more stretches with stretch lengths of 1 and 3 mm. Electrical signals in the suction electrode were amplified with ISO-80 (World Precision Instruments), filtered by 1 kHz, digitized at a sampling rate of 10 kHz with Digidata 1322 (Molecular Devices), and stored in a computer. The stored traces were later analyzed using the pClamp software version 10.0. Spikes above 1 SD of the noise were counted as action potentials of the nerve.
Phylogenetic Analysis
Multiple sequence alignments and the phylogenetic dendrogram were performed using the CLUSTALW program. GenBank accession numbers are shown in Table S1 .
Antibody Production
A peptide spanning the C terminus of mouse TTN3 (211-249 amino acids: LAVEFRHYRYEIVCSEYQENFLSFSESLSEASEYQTDQV) was synthesized and immunized three times to a rabbit (AbFrontier). The immunized rabbit serum was purified with protein A-Sepharose column chromatography and with antigen-specific affinity column. The specificity of purified antibody was confirmed by ELISA. 
Immunohistochemistry
Mouse EDL muscles were fixed in 4% paraformaldehyde for 24 hr, paraffin embedded, and cut in 5 mm sections with a vibratome. Each section was incubated with 3% H 2 O 2 in methanol for 30 min to quench endogenous peroxidase activity. Tissue sections were dehydrated with graded alcohols and exposed to 10 mM sodium citrate for antigen retrieval. The sections were blocked with PBS containing 5% normal goat serum and 0.3% Triton X-100 for 1 hr at room temperature and then incubated with anti-TTN3 (1:100) antibody diluted in PBS containing 1% BSA and 0.3% Triton X-100 overnight at 4 C. The sections were subsequently washed three times, incubated for 1 hr with HRP-conjugated secondary antibody, incubated with 3,3 0 -diaminobenzidine tetrahydrochloride (Sigma) after wash, and immediately washed under tap water after the color development. Slides were stained with H&E.
Immunofluorescence
Immunofluorescent staining of tissue sections was performed as previously described (Cho et al., 2012) . Briefly, DRGs or EDL muscles were isolated from adult mice (7-8 weeks) and sectioned on a cryostat at 10 mm and fixed in 4% paraformaldehyde. Sections were washed and incubated with blocking buffer (10% goat serum or 4% BSA in PBS with 0.1% Triton-X) for 1 hr. Polyclonal TTN3 (1:700), TRPV1 (AB5566, Millipore, 1:500), or NFM (sc-51683, Santa Cruz, 1:500) antibody was incubated with samples in the blocking buffer overnight at 4 C or 48 hr at 4 C for muscles. Samples were then washed and incubated with Alexa Fluor 546-conjugated goat anti-rabbit (A11010, Life Technology, 1:500), Alexa Fluor 488-conjugated goat anti-guinea pig (AP193F, Invitrogen, 1:800), Alexa Fluor 488-conjugated goat anti-chicken (A11039, Invitrogen, 1:800), or isolectin B4 (I21411, Invitrogen, 20 mg/mL) at room temperature for 1 hr. Nucleus was stained using Hoechst 33342 for 10 min (H3570, Thermofisher Scientific, 1:2,000) The sections were imaged with a confocal microscope (LSM700; Carl Zeiss).
Western Blot
Mammalian Protein Extraction Reagent (Thermo) and a complete protease inhibitor cocktail (Roche) were added to F11 cell cultures to lyse cells. Lysates were then scraped off and centrifuged at 13,000 rpm for 10 min to obtain the supernatant of cell extracts. The supernatant was then denatured at 100 C and separated on a 4%-12% NuPAGE Bis-Tris gel (Invitrogen) and transferred onto polyvinylidene difluoride membranes. After blocking with 5% skim milk, the membranes were incubated with TTN3 (1:1,000) or b-actin (1:5,000, Sigma, A2066) antibody overnight at 4 C. The membranes were washed three times with Tris-buffered saline supplemented with 0.05% Tween 20. The membranes were incubated with anti-rabbit IgG-horseradish peroxidase secondary antibody (1:2,000, Cell Signaling, 7074S). The bands were visualized using the enhanced chemiluminescence reagent (Pierce).
Inverted Screen Test
Mice are allowed to grip a welded wire mesh (560 3 510 mm) composed of small squares (11.5 3 11.5 mm, 0.8 mm in diameter) with their all paws (Cassani et al., 2015; Jeyakumar et al., 1999) . The mesh was then slowly inverted and held steadily 30 cm above a soft surface. Hanging time was measured until mice fell down. The cutoff time was set at 600 s.
Beam Walking Test
The beam walking test for WT and Ttn3 KO mice was performed as described elsewhere (Carter et al., 2001; Chort et al., 2013; Yokoi et al., 2012) . Briefly, mice were trained to travel a 12-mm-wide plastic beam (80 cm long, 50 cm high) three times a day for 2 days, followed by 6-mm-wide beam three times. At the end of the bar, there was a dark cage so that mice were allowed to cross the beam to hide themselves. On the third day, mice were allowed to travel the 6-mm-wide beam. Movements of mice were recorded by video. Traveling time and the number of foot slips were measured.
CatWalk Gait Analysis
Mouse gait was analyzed as described elsewhere (Cô té et al., 2012; Encarnacion et al., 2011; Hamers et al., 2006; Lucas et al., 2015) . Briefly, gait analysis was assessed using the CatWalk system (Noldus Information Technology). The apparatus was consisted of a 1.3 m long glass floor under which a light source illuminated the floor in a dark environment. When a mouse was walking through the floor, the plantar regions of the mouse's paws glowed because of the light deflection. The footprints were then recorded by a video camera and stored in a computer. Mice were subjected to three successive runs. A mouse run was considered successful if a mouse walked the walkway in 5 s. After identification and labeling of each footprint, gait parameters were analyzed with CatWalk XT software. All parameters of each mouse represented averages of three trials. Average speed is the velocity of a mouse. Swing speed is the velocity of the moving limb during the swing phase. Stride length is the length of the stride cycle. Regularity index is the percentage of normal step-sequence patterns relative to the total number of paw placements. Phase dispersion is the percentage of initial contact of one paw (target paw) relative to the stride cycle of another paw (anchor paw). 
Statistical Analysis
